Thin films of cuprous oxide (Cu 2 O) were grown using solution-based spray pyrolysis in ambient air and incorporated into hole-transporting thin-film transistors. The phase of the oxide was confirmed by X-ray diffraction measurements while the optical band gap of the films was determined to be $2.57 eV from optical transmission measurements. Electrical characterization of Cu 2 O films was performed using bottom-gate, bottom-contact transistors based on SiO 2 gate dielectric and gold source-drain electrodes. As-prepared devices show clear p-channel operation with field-effect hole mobilities in the range of 10 The rapid advances in the development of electrontransporting (n-type) oxide semiconductors such as ZnO, SnO 2 , and In 2 O 3 are pushing forward the realization of alloxide electronics. 1 Such technologies create the possibility of preparing high charge carrier mobility devices via scalable and low-cost manufacturing processes-making them ideal candidates for application in large-area microelectronics. 2, 3 Despite tremendous potential, further advancements have been hampered by a lack of hole-transporting (p-type) oxides with similar or comparable transport characteristics to their n-type counterparts. Although there are a handful of studies reporting p-type doping of traditional n-type oxides, 4 the subject still remains controversial as doping of metal oxides is typically one-sided (i.e., n-type materials are only dopable with donors) due to self-compensation. 5, 6 Hence, alternative metal oxides that show intrinsic p-type characteristics are required. To date, only a few such compounds, e.g. SnO x and Cu 2 O, have been demonstrated and incorporated into p-type thin-film transistors (TFTs). SnO x has received significant attention in recent years mainly because of the high hole field-effect mobility (l h,FE ) on the order of 0. . 16 Collectively, these results reaffirm that the desired field-effect mobility of >1 cm 2 V À1 s À1 is generally achievable with Cu 2 O transistors.
The hole transport properties of Cu 2 O are attributed to the energetically favorable electron accepting defects (i.e., copper vacancies-V Cu ) and the dominant Cu 3d character near the valence band maximum (VBM). 5, 17 The latter leads to a more dispersive valence band (VB) compared to those of other oxide semiconductors, particularly electron-transporting ones which strongly feature the localizing O 2p character near their VBM. 18 These characteristics give rise to high hole mobility in Cu 2 . 20 These results emphasize Cu 2 O as one of the promising choices for p-channel components in oxide electronics. In order to prepare Cu 2 O thin film, the most straightforward way is the controlled oxidation of a precursor Cu layer 21, 22 or using more advanced variations such as radical oxidation by O 2 plasma, 23 all of which are simple methods that could produce good quality Cu 2 O films. However, for device fabrication, the need to obtain high fieldeffect mobility along with the multiple-phase nature of Cu-O material system (Cu, Cu 2 O, and CuO) have led to the focus on complex vacuum-based deposition techniques such as pulsedlaser deposition (PLD) 14, 24 and sputtering 25, 26 with the aim to produce single-phase, high-quality Cu 2 O films for transistor applications. These methods, however, rely on stringent experimental conditions and are incompatible with high-throughput manufacturing processes, especially when compared to solution-based deposition techniques. To this end, solution processing is scalable and hence cost-effective and could potentially offer a genuine alternative processing method for the manufacturing of large-area microelectronics based on oxide semiconductors. Despite the great potential, however, solution processed p-type Cu 2 O transistors have yet to be demonstrated.
Here, we report the fabrication of hole-transporting Cu 2 O thin-film transistors from spray pyrolysis (SP) performed in ambient air. Our group has recently employed SP for the sequential deposition of n-type ZnO and high-k ZrO 2 dielectric layers to produce transistors with high electron field-effect mobilities. 27, 28 Therefore, the ability to prepare high-quality p-type materials by SP can be seen as a significant step in the evolution of this technique as a robust tool for the development of next generation large-area microelectronics. The deposition of thick Cu 2 O films by SP has already been demonstrated by Kosugi and Kaneko. 29 Their approach relies on the use of an aqueous precursor solution of copper(II) acetate monohydrate (Cu(CH 3 COO) 2 (2013) alcohol (IPA) sprayed onto heated substrates. Glucose acts to reduce Cu(II) to Cu(I), which can then form Cu 2 O at a certain range of temperatures while IPA is added to improve the wettability of the solution and the overall film uniformity. This early work showed that growth of >95% Cu 2 O is possible under certain experimental conditions (Table I) . Based on this simple procedure, we herein demonstrate p-type transistors from solution-processed films of Cu 2 O.
Films of Cu 2 O were grown by spray pyrolysis onto Si þþ /SiO 2 and quartz glass substrates using a 0.04 M Cu(CH 3 COO) 2 Á H 2 O, 0.04 M glucose and 40 vol. % IPA as the precursor solution. Spray pyrolysis of the active layers was carried out using a Sono-Tek ExactaCoat system with an ultrasonic spray nozzle. The process was performed in ambient air at a substrate temperature of 275 C with the following conditions: solution feed rate of 1.5 ml min À1 , N 2 carrier gas pressure of 2 bars, and nozzle speed of 70 mm s À1 . The cycle was repeated until the desired thickness of approximately 40 nm (measured by a Dektak profilometer) was obtained. The SP steps were followed by 12 h anneal at 200 C to improve the quality of the deposited films. It should be noted that this annealing temperature is below the conversion temperature of Cu 2 O to CuO which occurs at around 300 C. 29, 30 The crystal structure of Cu 2 O films was determined from X-ray diffraction (XRD) measurements using a PANalytical X'pert MPD diffractometer equipped with an accelerator detector (40 kV, 40 mA). Film surface morphology was investigated using atomic force microscopy (AFM) employing an Agilent 5500 in tapping mode. UVvisible-near-infrared (UV-Vis-NIR) transmission spectra for 40 nm Cu 2 O films deposited on quartz substrates were recorded using a Shimadzu UV-2550 spectrophotometer. Bottom-gate, bottom-contact (BG-BC) transistors were fabricated using heavily doped Si þþ wafers with a 200 nm thick thermally grown SiO 2 gate dielectric containing prepatterned 10 nm/30 nm ITO/gold as source/drain (S/D) electrodes. Device fabrication was completed with the deposition of 40 nm thick films of Cu 2 O directly onto the wafers. Electrical characterization of transistors was performed using a semiconductor parameter analyzer under high vacuum in the dark. The hole field-effect mobility was evaluated using the gradual channel approximation model in the saturation regime. The threshold voltage (V TH ) was extracted from the x-intercept of the plot between the square root of saturation drain current ( ffiffiffiffi ffi I D p ) and gate voltage (V G ). Sub-threshold swing (S) was estimated from S ¼ dV G =dlogðI D Þ whilst the trap density per unit energy (D tr
The XRD measurements obtained from as-sprayed and annealed Cu 2 O films are shown in Figure 1, From this diffraction data, the (111) and (200) peaks conclusively confirm that the oxide formed from SP exists as Cu 2 O without secondary phases, i.e., Cu or CuO (within the detection limit of XRD), both before and after annealing. The effects of annealing are not strongly pronounced in the XRD data, with only marginal increases in peak intensities and minor reductions in peak widths observed. The calculated average crystallite size before and after annealing increases from show a lateral grain size of approximately 18 nm for both annealed and non-annealed films. Interestingly, a small reduction in the calculated standard deviation from 5.5 nm to 4.9 nm before and after annealing is observed. The latter is also accompanied by a decrease in the root-mean-square (r.m.s.) surface roughness from 3.53 nm to 2.73 nm before and after annealing. Both observations suggest that the low-temperature annealing is improving the uniformity and homogeneity of the deposited films without the introduction of unwanted secondary phases.
The optical transmission spectra of as-sprayed and annealed Cu 2 O films also show very similar characteristics. Figure 3 shows the UV-Vis-NIR transmission and absorption spectra for an annealed Cu 2 O film. The transmission spectrum of the annealed film is similar to previously published data, 29, 31 showing a significant absorption around $500 nm and a tail that extends to shorter wavelengths. The absorbance (A) is calculated from the transmittance (T) using A ¼ ÀlogðT=T 0 Þ, in order to calculate the optical band gap (E opt ) of these films. The latter is extracted from the x-intercept of the plot between (ah) 2 versus h (inset in Figure 3) , where a is the absorption coefficient, h is Planck's constant, and is the optical frequency. For both as-sprayed and annealed films (40 nm thick), E opt is found to be a direct gap of $2.57 eV. Although the actual band gap of Cu 2 O is 2.1 eV, the lowest transition is not dipole-allowed due to the same parity of C þ 7 (top of valence band) and C þ 6 (bottom of conduction band) levels, and in fact the strong light absorption only occurs for E > 2.4 eV, which is the dipole-allowed transition between C þ 7 (top of valence band) and C À 8 (second lowest conduction band). 32, 33 This consideration can also explain the presence of the tail below the main absorption edge at 500 nm. The further shift toward higher photon energies may also be attributed to the quantum size effect as well as to defects and surface states present in these nanogranular Cu 2 O films. 34 The reported value of 2.57 eV here also agrees with other experimental values in literature, which range from 2.4 to 2.6 eV. 25, 29, 32 Bottom-gate, bottom-contact (BG-BC) transistors [ Figure  4 (a)] based on spray-coated Cu 2 O thin-films also show promising results. Although both as-sprayed and annealed films yielded working transistors, the annealing step improved the device performance by increasing the on/off ratio and hole field-effect mobility by approximately one order of magnitude. Figures 4(b) and 4(c) . 36 Finally, improving the crystallinity of the Cu 2 O films may also improve both the hole mobility as well as the on/off current ratio of the transistors. In the case of Cu 2 O films grown by spray pyrolysis, such improvements could potentially be achieved through the use of alternative precursor compounds and/or by controlling the atmosphere during spray deposition.
In summary, we have demonstrated solution-processed p-channel Cu 2 O-based thin-film transistors. Cu 2 O film deposition has been carried out using the spray pyrolysis technique in ambient air without any special precautions. As-prepared bottom-gate, bottom-contact transistors show clear p-channel operation with hole field-effect mobilities in the range 10
À4

À10
À3 cm 2 V À1 s À1 and on/off channel current ratio exceeding 4 Â 10 3 . Best performing TFTs with hole mobilities up to 10 À2 cm 2 V À1 s À1 have also been obtained but were difficult to reproduce in large numbers. Despite this, the spray deposition approach described here is simple, scalable and inexpensive and offers a genuine alternative for the manufacturing of large-area oxide microelectronics based on complementary logic circuitry as well as other emerging optoelectronic devices such as thin-film photovoltaics. 
